The study of gravisensing would be greatly enhanced if physiological events associated with gravity sensing could be detected separately from subsequent growth processes. This report presents a means to discriminate sensing from the growth processes. By using a vibrating probe, we have found an electric current generated by the gravity sensing region of the root cap of maize (Zea mays cv Merit) in response to gravistimulation. On the upper surface of the root cap, the change from the endogenous current has a density of 0.55 microampere per square centimeter away from gravity. The onset of the current shift has a characteristic lag of three to four minutes after gravistimulation, which corresponds to the presentation time for gravity sensing in this tissue. A description of the current provides some information about the sensing mechanism, as well as being a valuable means to detect gravity sensing independently of differential growth.
How the physical action of gravity brings about physiological responses is a mystery of long standing. The analysis of gravity sensing has been difficult because this phenomenon has been detectable only by observing differential growth, a much later step in gravitropism. It has thus been impossible to investigate gravitropism in an isolated sensing tissue because the isolated sensor yields no growth response. If we are to understand the sensing mechanism it will be necessary to detect sensing in the sequence leading to curvature at a point preceding the growth processes .
It has been difficult to assess gravity sensing by measuring changes in the concentration of potential signaling substances such as calcium or growth regulators. Gravity sensing regions are usually only small groups ofcells, so the changes in concentration of various substances will be subtle against a large background level. Chemical analysis of the upper and lower halves of the whole tissue can easily miss important changes in movement of relevant compounds. Radiolabeling experiments alleviate the problem of background, but detectable changes require long observation periods, giving poor time resolution. This lack of sensitivity has made it difficult to know whether chemical redistributions are primary responses to gravity sensing.
Electrophysiology provides an alternative to chemical means of detecting gravity-sensing processes. It can be used to detect physiological changes with much higher resolution and sensitivity ' Supported by NASA grant NAG-W3; training in the use of the vibrating probe was supported by NIH grant P41RRO I 395-SSS to L. F. Jaffe. There are, however, limitations on the conclusions which can be drawn from their study for two reasons. First, they used a vibrating probe which was not turned when the root was rotated 900. Possible conclusions are limited because the current measurements in one vector give no information about the other. Second, the presentation time of Lepidium roots is only 7 s (15), and great difficulties would be encountered in attempting to establish a correlation with electrical events over such a brief time.
However, Behrens et al. (4) observed that the acropetal current at the root cap had increased between 1 and 7 min after gravistimulation. This observation indicates that changes do occur near the sensing cells after gravistimulation. In this work we have tried to overcome each of these limitations in the hope of confirming and extending their conclusions.
The maize root cap has three important features which make it particularly valuable for studying gravity sensing. First, the sensing region is several millimeters removed from the growing region, so changes in growth-related processes will not confound detection of sensing-related events. Second, the presentation time is relatively long, 3 (AK La Favre, AC Leopold, unpublished data) to 4 (25) min, so that physical artifacts resulting from repositioning the equipment to effect gravistimulation can be separated from the physiological response. Finally, the kinetics 842BJORKMAN AND LEOPOLD of amyloplast sedimentation (25) , and many physiological (8, 23, 32) and cytological (19, 25) Vibrating Probe. The seedling was held in a Plexiglas chamber and manipulated by a stainless steel cannula inserted into the endosperm. The cannula was not in contact with any part of the embryo, thereby precluding extraneous currents due to wounding. Near the bottom of the chamber were holes for insertion of the probe and a calibration electrode. The top was sealed so that solution would not drain out through these holes. The chamber and the vibrating probe were mounted on a rotatable plate (Newport Corp., Fountain Valley, CA) so that the root cap was at the center of rotation. On the plate were microtranslation stages (Newport) to position the seedling and the probe in three dimensions. When gravistimulation was effected by turning the plate 900, the seedling, the chamber, and the probe all turned together. Seedlings were viewed through a stereomicroscope at 50-fold magnification.
The suspending buffer was 0.1 mM CaCl2, 0.1 mM MgCl2, 0.1 mM KCI, and 1 mM morpholinoethanesulfonic acid adjusted to pH 6 .0 with KOH. The resistivity of this medium was 16 kOhm cm-'. The medium had enough ions to satisfy the root's ion requirement and to stabilize the solution pH, yet it had a low ionic strength to give a high resistivity necessary for a maximum signal-to-noise ratio for the measurements.
-The electronic equipment for the vibrating probe was designed and built by Dr (27) . The oscillator provided a sine wave which stimulated the piezoelectric crystal driving the probe as well as serving as the phase source for the phase-lock amplifier. The phase-lock amplifier compared the signal from the probe with the driving sine wave. This signal was time averaged, with a time constant of 0.1 or 2 s. A potential difference between the two extremes of vibration of 1 jiV produced a DC output of 5 mV.
The probes were manufactured in the laboratory as described by Jaffe and Nuccitelli (12) . Insulated These precautions allowed compensation for most artifacts produced by a wire current source. Physical effects of turning the apparatus caused some changes in the signal which could not be compensated for, as described in "Materials and Methods." These sporadic artifacts caused a change in the apparent current density immediately after turning. Therefore, it is most appropriate to compare changes following gravistimulation with the values at 1 min.
When the maize root was gravistimulated, the outward current on the upper side of the cap, lateral to the columella, increased abruptly 4 min after gravistimulation (Fig. 3) . The onset of the current shift was always distinct, beginning 3.6 ± 0.6 (±SD; n = 6) min after gravistimulation. The current took 3.0 ± 1.2 (n 5) ,A cm-2 higher (Fig. 4a) .
On the lower side changes in the current density following gravistimulation were not consistent among runs. A possible increase in the outward current began 7.0 ± 1.7 (n = 4) min after gravistimulation but it was not distinct as was the increase on the upper side (Fig. 4b) . Because the response on the lower side was inconsistent and later than the presentation time, it was considered a poor indicator of gravity sensing.
When similar measurements were made at the tip of the root cap, which has secreting cells but not sensing cells, the current did not change (Fig. 5) . The current measured at the elongating zone, where differential growth occurs, also remained constant for at least 20 min, both on the upper and lower sides of the root (Fig. 6) .
In comparison to the net current, the proton flux was not detectably changed as judged by the bromocresol purple color pattern around the cap of roots in agar (Fig. 2) .
DISCUSSION
The measurement of electric current densities around maize root tips revealed a change in the current pattern upon gravistimulation in the region of the gravity-sensing columella cells. A distinct increase in outward current appeared on the upper side at about 4 min, coinciding with the presentation time for gravitropism. The net current profile was not similar to the proton flux.
Initial Current Pattern. The current pattern around the root tip is the net result of many different processes which involve differential movement of ions: ion uptake, respiration, electrogenic ion pumps, and so forth. A change in this pattern upon gravistimulation may be the result of modulation of any one of these or it may be caused by induction of ion transport which is specific to gravity sensing. From these experiments it is not possible to distinguish between these possibilities. Therefore, the initial current pattern is only used as a baseline from which changes were measured. Time after gravistimulation (min) (36) noted that the current at the barley root cap also varied from one plant to another. Indeed, in the present study, the transverse current at the root cap was positive in some roots and negative in others, though always more negative closest to the tip of the cap. Even relatively uncomplicated tip-growing tissues, which were all believed to have inward currents at the tip, also show variability (10 10 times that large, would have been easily observable were it a proton flux. The lack of a pH change around the root cap is evidence against the information-carrying currents being generated by regulation of the proton pump.
There are other possible mechanisms by which a current may arise as a secondary result of gravity sensing. Most schemes for the establishment ofa physiological asymmetry involve the translocation of ions, and the current may be only the nonspecific return current resulting from the primary signaling process.
Bioelectric currents do cause the establishment of polarity in some organisms (5, 13, 17, 26, 31, 35) . While the current observed in the maize root cap may indicate establishment of a change in polarity, care must be taken not to draw unwarranted conclusions about a possible causal role of the current in establishing a physiological signal. This paper has presented evidence for an electrophysiological response which is associated with gravity sensing, but which precedes growth-related processes. The ability to determine whether sensing is occurring, even if curvature is prevented, should permit the discrimination of events involved in sensing from those events involved in the differential growth part of gravitropism.
